We have previously shown that adenoviral-mediated interferon a (Ad-IFNa) is cytotoxic both to cells that are sensitive to recombinant interferon a (IFNa) and to cells which are resistant to IFNa. The cancer cell-specific cytotoxic effects of Ad-IFNa involve three different mechanisms: 1. The direct effect of IFNa production causing cancer cell death in IFNa sensitive cells (1); 2. The direct effect of Ad-IFNa infection and high levels of IFNa expression in IFNa resistant cancer cells (2); and 3. The indirect effect of the Ad-IFNa bystander factors produced (2-4). After Ad-IFNa infection, the cells produce a large amount of perinuclear localized IFN protein. This protein over-load could be a major factor in the direct cancer cell death of those cells infected with Ad-IFNa compared with the indirect cytotoxic effects of the bystander factors produced. Here, we investigated whether a component of Ad-IFN-induced cell death involves protein overload-induced endoplasmic reticulum (ER) stress, using an IFNa-resistant human bladder cancer cell line (KU7), and the normal human urothelial cell line, TERT-NHUC, as preclinical models. We found that the two ER stress response pathways examined were activated in KU7 cells. In contrast, following treatment of the normal TERT-NHUC cells with Ad-IFNa, no ER stress signals were observed. In addition, no ER stress related changes were seen, when KU7 cells were exposed to conditioned medium from Ad-IFNa-treated KU7 cells, indicating that bystander produced cytotoxicity did not involve ER stress. After 24 h of Ad-IFNa infection, the KU7 cancer cells produced spliced X-box binding protein 1 and activating transcription factor 6 protein (ATF6), evoking an ER stress response that could contribute to Ad-IFNa induced apoptosis in these cancer cells. In addition, GADD153/CHOP, GADD34 and BAX were also subsequently modified following activation of the ER stress pathways, thereby signaling downstream effectors in a pro-apoptotic manner.
Introduction
We have documented that adenoviral-mediated interferon a (Ad-IFNa) has unique properties distinct from those of recombinant interferon a (IFNa) protein and that Ad-IFNa can overcome cancer cell resistance to IFNa itself. [1] [2] [3] [4] This latter finding could be quite important, as many human bladder cancer cell lines are resistant to IFNa protein 1 and one might assume there will be different levels of sensitivity to IFNa-induced cell death in various tumors. In addition, a Phase I trial is near completion involving Ad-IFNa intravesical treatment for Bacillus CalmetteGuerin refractory superficial bladder cancer. The fact that almost 50% complete remission rate has been seen in these patients at the highest doses 5 may in part reflect the additional mechanisms of Ad-IFNa-induced cancer cell death beyond that caused by IFNa itself.
We recently summarized two distinct mechanisms by which Ad-IFNa kills cancer cells that are resistant to the IFN protein. 6 The first involves a strong bystander effect [2] [3] [4] and the second involves the direct infection and subsequent high-level IFN expression within the cell. 1, 6 As it was initially noted that cancer cells infected with Ad-IFNa produced high-perinuclear cytoplasmic IFNa expression, 1 we wished to determine whether this in turn could produce endoplasmic reticulum (ER) stress, leading to subsequent cell death. We hypothesized that although ER stress mechanisms may initially be recruited to overcome the accumulation of unfolded proteins in the ER (such as the high-IFNa levels) they could in turn result in cell death if these events are severe or protracted.
The ER is the location for the synthesis and folding of membrane and secretory proteins. The ER therefore must monitor various abnormalities such as the buildup of misfolded proteins. Several signaling pathways from the ER to the cytosol and nucleus allow the cell to react to this buildup of unfolded proteins. Such pathways, collectively called the unfolded protein response, are critical in many cases to determining whether a cell will live or die, when a buildup of misfolded proteins occurs. 7 If the response is not adequate it leads to the downstream activation of further downstream proteins in the pathway, ultimately resulting in cell death. 7 Here, we show that two ER stress pathways, namely the activating transcription factor 6 protein (ATF6) and X-box binding protein 1 (XBP1) pathways, were activated following Ad-IFNa infection with subsequent changes in downstream proteins, such as CHOP, GADD34 and BAX, which can ultimately lead to apoptosis. 7 We believe this likely has a major role in the direct mechanism of Ad-IFNa produced cancer cell death. In contrast no ER stress was seen in the cancer cell death produced by bystander factors or in normal cells following Ad-IFNa infection.
Materials and methods

Cell lines
The IFNa-resistant bladder cancer cell line, KU7, was grown using minimal essential medium in 10% fetal bovine serum, penicillin and streptomycin, and incubated at 37 1C in 5% CO 2 and 95% air. The normal urothelial cell line (TERT-NHUC), provided by Dr Margaret Knowles, was grown in keratinocyte serum-free medium containing bovine pituitary extract and epidermal growth factor (Invitrogen, Carlsbad, CA) and cholera toxins (Sigma-Aldrich, St Louis, MO) as supplements. Cells were infected with a 100 multiplicity of infection of AdIFNa2b (Ad-IFNa), which was obtained from Merck Research Laboratories (formerly Schering-Plough) Palo Alto, CA. The transduction procedure was done as previously described. 2 The cells were exposed to the adenoviral vector for 3 h in medium without serum. The virus was then removed and complete control medium was added. The infection frequency was checked by immunostaining in order to assure that the different experiments were comparable.
Western blotting
Western blotting was done to measure ATF6, XBP1, CHOP, GADD34 and BAX. The cultured cells were lysed in cold lysis buffer (1% Triton X-100, 1 mM EDTA, 150 mM NaCl, 50 mM Tris-HCl, 0.2 mM Na2VO4 and 10 mg ml À1 each of leupeptin, phenylmethylsulfonyl fluoride and apotine) (Roche Molecular Biochemical, Indianapolis, IN) and the soluble proteins isolated as described previously.
2 Protein concentrations were estimated by the Pierce protein assay (Thermo, Rockford, IL). A volume of 40 mg of each protein sample were separated by 4-20% SDS-polyacrylamide gel electrophoresis and transferred to low-fluorescence polyvinylidene difluoride transfer membrane. The membrane was then blotted using rabbit polyclonal anti-ATF6, XBP1, CHOP and GADD34 antibodies purchased from Santa Cruz (Santa Cruz, CA) and anti-BAX purchased from Cell Signaling (Danvers, MA). Anti-b-actin antibody was purchased from Sigma-Aldrich. Bound antibody was detected using the enhanced Pierce Daco/Pico detection kit (Thermo, Rockford, IL).
Nuclear preparation
The cells were washed with cold phosphate-buffered saline, scraped off the dish and centrifugated at 4 1C at 2000 r.p.m. for 15 min. The cell pellet was then washed with phosphate-buffered saline and centrifuged at 4 1C at 2000 r.p.m. for another 15 min. The cells were suspended in 1 ml of reticulocyte standard buffer solution and the cell solution was placed in a homogenizer. The swollen cells were then broken with a B pestle and 0.66 ml of 2.5 Â mannitol-sucrose buffer was added. The homogenate was centrifuged at 1300 g for 5 min to obtain nuclei. The nuclear pellet was washed with 1 ml reticulocyte standard buffer and again centrifuged at 1300 g for 5 min. Finally 200 ml of cell lysis buffer (Cell Signaling) was added, kept on ice for 1 h and centrifuged at 1300 g for 30 min. The nuclear lysate was stored at À80 1C for western blotting.
Generation of KU7 Ad-FN a produced conditioned medium (KU7 Ad-IFN-CM) and control conditioned medium (KU7 Control-CM) The KU7 bladder cancer cells were plated into 100 mm dishes at 1 Â 10 6 cells per dish. After Ad-IFNa infection for 48 h, the medium was harvested from the Ad-IFNainfected dishes and filtered through a 0.22 mm cellulose acetate filter from Corning (Corning, NY). The medium was termed KU7 Ad-IFN-CM. Similarly, medium harvested from the non-infected control cells 48 h after medium change was termed KU7 Control-CM. All of the conditioned media samples were then aliquoted and stored at À80 1C. CM was used in treatment of normal or tumor cells by adding a 1:5 dilution with minimal essential medium.
Results and discussion
Ad-IFNa infection and expression produces high perinuclear IFN levels in both KU7 bladder cancer and TERT-NHUC normal urothelial cells, but is only cytotoxic to KU7 cells Following infection and expression of Ad-IFNa in either cancer or normal cells, a high level of cytoplasmic perinuclear IFN was seen by immunochemical analysis (Figure 1 ). As the ER was also localized in this region it became of interest to determine whether ER stress could have a major role in the direct effect of Ad-IFNa produced cancer cell death in Ad-IFNa-resistant cells. Ad-IFNa treatment of KU7 cells, which were resistant to high levels of IFNa protein, 1 caused marked cytotoxicity to these cells (Figure 2a) , indicating there were other mechanisms by which the Ad-IFNa produced cell death in such cells. In contrast, Ad-IFNa produced no cytotoxicity to normal cells, such as human urothelial cells, following this treatment (Figure 2b ). One reason for the lack of cytotoxicity in normal cells is that the autophagy seen in normal urothelial cells following Ad-IFNa treatment provides a protective response and is allowed to be completed, whereas the autophagy produced in IFN resistant cancer cells is not allowed to be completed and is insufficient to significantly suppress cytotoxicity. (Figure 3a , lanes 6 and 7, respectively). This cleaved ATF6 also entered the nucleus at all three time points after Ad-IFNa treatment of KU7 cells (Figure 3b ), which was a further measure of ATF6 activation. Furthermore, the downstream ER stress marker, GADD34, accumulated in the KU7 cells at the 48 and 72 h time points, although it was not present at the 24 h time point (Figure 3a) . Consistent with the ATF6 results, no activation of GADD34 was seen in the TERT-NHUC cells (Figure 3a) . In addition, activation of a second ER stress pathway was observed after Ad-IFNa treatment of KU7 cells. This involved the XBP1 pathway shown by the splicing of the XBP1 at the 24 and 48 h time points (Figure 4 , lanes 2 and 4, respectively). This was followed by the downstream ER stress marker, CHOP, which also accumulated at the 48 and 72 h time points (Figure 4 , lanes 4 and 7, respectively). As a further downstream signal, dimerization of BAX was observed at the 48 and 72 h time points (Figure 4 , lanes 4 and 7, respectively). Such dimerization is reflective of these cells moving in an apoptotic direction rather than towards cell survival and is one of the most upstream events described in the intrinsic apoptotic pathway as a response to stressful apoptotic stimuli.
9,10
Cytotoxicity caused by bystander factors produced after Ad-IFNa treatment does not involve the activation of ER stress signals We have previously shown after Ad-IFNa treatment that bystander factors are produced by both normal urothelial and IFN protein resistant bladder cancer cells, which are cytotoxic to the cancer cells. [2] [3] [4] This could be shown by culturing the cancer cells on conditioned medium from the cells treated with Ad-IFNa. An example of this could be seen in Figure 2a where KU7 produced conditioned medium obtained 48 h after Ad-IFNa treatment (Ad-IFN-CM) was diluted 1:5 with normal medium and then cultured on KU7 cells for 48 h. Numerous floating cells were apparent. However, no activation of ATF6 or GADD34 (Figure 3 ) nor XBP1, CHOP or BAX ( Figure 4) were seen under these conditions. Such results indicate that the cytotoxicity caused by the bystander factors was entirely different from that produced by the direct infection and expression of AdIFNa in the cancer cells. The bystander cell death does not involve ER stress mechanisms, whereas they were critical to the direct cytotoxicity caused by Ad-IFNa. Moreover, the activation of stress-related signals seen in the floating cells after Ad-IFNa treatment was by definition from cells which were killed by the direct effect of Ad-IFNa infection rather than the result of the bystander factors produced. 7) . In addition, no changes are seen in the KU7 cells 48 h after exposure to KU7 produced conditioned medium, KU7Ad-IFN-CM, (lane 9). b-actin blotting showed sufficient loading except for the 48 h floaters, which have the highest ATF6 and GADD34 levels. This indicates marked b-actin degradation had occurred in these cells. (b) Cleaved ATF6 could be seen in the nuclear preparations 24 h after Ad-IFNa infection and continued to be present at 48 and 72 h (lanes 2, 4 and 6, respectively). Proliferating cell nuclear antigen was used as a nuclear control. Little cytoplasmic contamination was found in these samples (data not shown). We hypothesize that the accumulation of unfolded proteins in the ER, particularly IFNa related proteins, results in the activation of the ATF6 and XBP1-related ER stress pathways. This, in turn, activates downstream CHOP and GADD34, which then triggers early proapototic changes, including dimerization of BAX. We also have found high levels of M30 and M65, soluble forms of cytokeratin 18, in the urine of patients treated with intravesical Ad-IFNa as potential markers of tumor kill and efficacy. 5 In turn, M65 has been shown to be a marker of the direct effect of Ad-IFNa produced cell death. 6 Therefore, the ER stress pathway activation which we have reported here may be directly related to a portion of the tumor cell death that has occurred in the Phase I clinical trial.
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